Abstract The growing tumor employs various strategies to establish its growth, progression and spread in the host. Angiogenesis or formation of new blood vessels from existing ones and escape from immune surveillance are the two critical steps that ensure proper establishment and growth of the newly formed tumor. Thus understanding the novel pathways associated with tumor angiogenesis and immunity may lead to the development of newer therapeutic strategies using the regulators of these pathways to improve patient outcomes. These two pivotal steps in the process of tumorigenesis are governed by plethora of endogenous factors. The neuroendocrine molecules, which include the catecholamine neurotransmitters, dopamine, norepinephrine and epinephrine are of growing interest considering their varied and diverse regulatory roles both in the process of tumor angiogenesis and tumor immunity. This review focuses on the emerging roles of catecholamines in modulating tumor angiogenesis and immunity, and also discusses the probable molecular mechanisms of their actions. Understanding of this new group of endogenous regulators of tumor growth may lead to the development of newer therapeutic approaches for the treatment of cancer.
Introduction
Catecholamine (CA) neurotransmitters, dopamine (DA), norepinephrine (NE) and epinephrine (E), are biogenic amines derived from the amino acid tyrosine and possess a catechol group with an attached amino group (Ganong 2005; Goldstein et al. 2003) . CA are synthesized both in the brain as well as in the peripheral organs and cells such as adrenal medulla, non neuronal gut cells, platelets and lymphocytes (Axelsson 1971; Basu et al. 1993 Basu et al. , 1995a Basu and Dasgupta 2000a; Sarkar et al. 2010; Bergquist et al. 1994; Eisenhofer et al. 1996 Eisenhofer et al. , 1997 Ganong 2005; Goldstein et al. 2003) . These molecules play vital physiological roles particularly in response to stress (Glaser and Kiecolt-Glaser 2005) . CA also have profound effects in the brain, cardiovascular system and also regulate carbohydrate and fat metabolisms in the body (Barth et al. 2007; Havel 1968; Laverty 1978; Mayer 1974; Chakroborty et al. 2011) . NE and E act through α (α1 and α 2) and β (β1 and β 2) adrenoceptors in target cells. α1 adrenoceptor mediates its functions by increasing the intracellular calcium level and α2 adrenoceptor downregulates adenylate cyclase and thus inhibits intracellular cyclic AMP. β1 and β2 adrenoceptors activate adenylate cyclase to increase intracellular cAMP (Robison et al. 1967; Schuller 2007; Thaker et al. 2007 ). DA acts through its D 1 (D 1 and D 5 ) and D 2 (D 2 , D 3 and D 4 ) classes of receptors present in target cells (Missale et al. 1998; Sarkar et al. 2010) . The D 1 class of receptors on activation increases intracellular cAMP, whereas the D 2 class inhibits intracellular cAMP (Missale et al. 1998) . The current review addresses the emergent roles of catecholamine neurotransmitters in two very important aspects of tumor growth, tumor angiogenesis and immunity, which will help to have a better understanding of the disease.
Angiogenesis and its importance in cancer
Angiogenesis , a physiological process by which new blood vessels are formed from the existing blood vessels is essential for the growth of the developing fetus as well as wound healing, tissue repair and reproduction in adults (Dvorak 2005) , is a multistep process involving division and migration of endothelial cells, degradation of old and synthesis of new basement membrane, organization into tubes, and coverage by pericytes, each of which is intricately regulated at the molecular level by a set of pro and antiangiogenic molecules (Asahara et al. 1999; Battegay 1995; Folkman 2007) . Deregulation at any step leads to disorders (Tandle and Libutti 2003) . Cancer is the most common pathological condition where the fine balance between pro and antiangiogenic factors is lost resulting in uncontrolled angiogenesis with aberrant, non-uniformly distributed, irregularly branched blood vessels that lack a clear hierarchal arrangement (Folkman 2007; Tandle and Libutti 2003; Chakroborty et al. 2009 Chakroborty et al. , 2011 . It is now well established that antiangiogenic therapy targeting the structural and functional abnormalities of tumor blood vessels is a promising feature of cancer therapy that can retard growth and progression of tumors (Jain 2005; Folkman 2007 ).
Catecholamines and tumor angiogenesis
The molecular determinants regulating the angiogenic cascade are subject of great interest for their potential to be developed as newer therapeutic targets to combat cancer (Folkman 2007) . Therefore identifying and validating various endogenous molecules that control the process of angiogenesis in a tumor is of interest. Among the endogenous molecules that have been identified as potential targets for future therapies, CA are of recent interest owing to their distinct actions in the regulation of the angiogenic process (Basu et al. 2001 Chakroborty et al. 2004 Chakroborty et al. , 2009 Cole and Sood 2012; Sarkar et al. 2004 ).
Dopamine and tumor angiogenesis
Recent reports from our laboratory have established that endogenous DA secreted by different peripheral organs is an important inhibitor of tumor angiogenesis and hence growth (Chakroborty et al. , 2009 ). Ablation of peripheral dopaminergic nerves significantly increases angiogenesis, microvascular permeability and growth of malignant tumors in mice ) and treatment of tumor bearing animals with exogenous DA inhibits tumor growth and angiogenesis . DA acts through its D 2 receptors present in endothelial cells to inhibit VEGF induced phosphorylation of VEGFR2, mitogen-activated protein (MAP) kinase and focal adhesion kinase (FAK), thereby blocking the critical signaling pathways required to mediate the endothelial functions of VEGF (Basu et al. 2001; Sarkar et al. 2004) . Also, DA D 2 receptor knockout mice show increased tumor growth due to increased angiogenesis which correlates well with the striking increase in VEGFR2 phosphorylation in tumor endothelial cells collected from these animals . Moreover, rats with hyperactive dopaminergic system have decreased tumor growth, angiogenesis and metastasis, which further support the importance of DA in regulating tumor angiogenesis and growth (Teunis et al. 2002) . In experimental mouse model of schizophrenia that had a faulty DA uptake system resulted in an elevated DA level in plasma, the growth of Lewis lung carcinoma was considerably slow (Asada et al. 2008) . DA also reduces chronic stress mediated angiogenesis and hence tumor growth in ovarian cancer models (Moreno-Smith et al. 2011) .
In addition to its role in regulation of the VEGF induced angiogenic process, DA also plays a prominent role in vasculogenesis, the process by which endothelial progenitor cells (EPCs) are recruited from the bone marrow (BM) to developing vessels within the tumor ). Tumor growth is associated with depletion of DA in the BM niche followed by increased mobilization of EPC from the BM to tumor site . DA treatment significantly decreases VEGF-induced EPC mobilization from the BM, which is associated with a decrease in BM MMP-9 expression due to inhibition of ERK1/ERK2 phosphorylation .
DA as a potent anti-VEGF agent improves the efficacy and acts synergistically with anticancer drugs, doxorubicin and 5 FU to significantly inhibit growth of human breast (MCF-7) and colon (HT29) cancer transplanted into nude mice . Moreover DA treatment helps to normalize the structure of aberrant tumor blood vessels and restore their normal functions which help to improve the concentration of anticancer drug in tumor tissues (Chakroborty et al. 2011) . DA normalizes abnormal tumor blood vessels by targeting the two prime cellular components that build up blood vessels: pericytes and endothelial cells. By acting through its D 2 receptors DA directly up-regulates the expression of angiopoietin 1 (Ang1) in pericytes and the expression of the zinc finger transcriptional factor, Krüppel-like factor-2 (KLF2) in tumor endothelial cells (Chakroborty et al. 2011 ).
NE, E and tumor angiogenesis
The actions of NE and E are mediated via α 1 , α 2 , and β-adrenergic receptor families that exhibit discrete tissue expressions and also signal through definite pathways Tilan and Kitlinska 2010) . Signaling through β adenoreceptors regulate functions of epithelial cells, vascular myocytes and pericytes, which play important roles in tumor angiogenesis and its progression (Baker et al. 2011; Daly and McGrath 2011; Cole and Sood 2012) . NE and E act through β adrenergic receptors to upregulate VEGF expression in several human tumors ) that acts through VEGFR2 to increase tumor angiogenesis and growth (Dvorak 2005) . Highly invasive ovarian carcinoma with a greater tumor burden was observed in experimental mouse tumor models using HeyA8 and SKOV3ip1 ovarian cancer cells where chronic behavioral stress led to elevated levels of tissue NE and E . Chronic stress resulted in enhanced expressions of angiogenic cytokines, VEGF, MMP2, MMP9 and proinflammatory molecules, IL6 and IL 8 in these tumor models Yang et al. 2009 ). The signaling steps involved were the activation of cyclic AMP-PKA pathway and Src by β adrenergic receptor Nilsson et al. 2007; Moreno-Smith et al. 2011) . However inhibition of this receptor by β adrenergic blocker, propranolol was associated with reduced angiogenesis and tumor growth Nilsson et al. 2007; Moreno-Smith et al. 2011 ). In nasopharyngeal cell lines, HONE-1, HNE-1and CNE-1, NE upregulated the expressions of VEGF, MMP2 and MMP9 suggesting NE could possibly affect nasopharyngeal tumor progression by controlling the expressions of angiogenic cytokines (Yang et al. 2006) . NE through the same mechanism also stimulates the expression of VEGF in human melanoma, multiple myeloma and pancreatic cancer cell lines (Yang et al. 2009; Guo et al. 2009 ).
A recent report shows that NE upregulates VEGF expression in cancer cells by inducing hypoxia inducible factor 1α and this action of NE not only involves β adrenergic receptors, but also α adrenergic receptors (Park et al. 2011 ). This report further demonstrates that propanolol, a β adrenergic receptor blocker could abolish VEGF synthesis in these cells (Park et al. 2011) . Propranolol also potentiates the anti-cancer effects of chemotherapeutic drugs in breast cancer (Powe et al. 2010; Pasquier et al. 2011; Melhem-Bertrandt et al. 2011) . Furthermore, stimulation of α adrenergic receptors have trophic effects on endothelial cells i.e. on proliferation, migration and its ability to form capillaries (Vinci et al. 2007; Tilan and Kitlinska 2010) . Additionally, NE and E modulate cells in the tumor microenviroment such as macrophages, which regulate tumor angiogenesis (Lutgendorf et al. 2008) .
Tumor immunity and effector cells
Tumor immunity or how a growing tumor elicits or escapes an immune response within the host body is a very interesting aspect of tumor progression owing to the fact that tumors originate from transformation of normal cells and the immune system fails to recognize these cells as non self (Zitvogel et al. 2006; Schreiber et al. 2011) . Although spontaneous rejection of established tumors in the body is of rare occurrence, growing evidence suggest that both innate and adaptive immunity play important roles in tumor immune response, which might promote or inhibit the growth of tumor. A growing tumor is infiltrated by T lymphocytes, macrophages, dendritic cells and occasionally by B cells, the functions of which are regulated by a number of endogenous molecules (von Kleist et al. 1987; Coronella et al. 2001; Whiteside 2006) .
Catecholamines in tumor immunity
Sympathetic nervous system (SNS) lying at the interface between the brain and immune system plays an integral role in maintaining cross talk between them and thereby regulating different physiological functions to maintain homeostasis and deregulation of SNS is associated with different diseases like cancer where altered immunity is noted (Elenkov et al. 2000) . Therefore the roles of DA, E and NE, the main effectors of SNS in the regulation of tumor growth and progression have drawn immense attentions due to their dual nature of actions, which can be either immunosuppressive or immune mediated anti-tumor responses (Chambers et al. 1993; Basu and Dasgupta 2000a; Sarkar et al 2010) .
Dopamine and tumor immunity
The existence of different subtypes of dopamine receptors in the primary immune organ, thymus (Mignini et al. 2009 ), in circulating immune effector cells lymphocytes, monocytes, neutrophils, dendritic cells and innervation of secondary lymphoid organs with sympathetic nerves and production of DA by lymphocytes suggest the possible role of DA in the regulation of immune system (Basu et al. 1993; Basu and Dasgupta 2000a, b; Ferrari et al. 2004; Kirillova et al. 2008; McKenna et al. 2002; Nakano et al. 2008 Nakano et al. , 2009 Sarkar et al. 2010 ). Many studies indicate that both central and peripheral DA can influence the growth and progression of tumors by affecting the functions of immune competent cells within the body (Basu et al. 1995a, b; Basu and Dasgupta 2000b; Barnes and Gordon 2008; Rubí and Maechler 2010) . 1-methyl-4-phenyl 1,2,3,6 tetrahydropyridine (MPTP)-induced striatal dopaminergic depletion in mice showed increased incidence and growth of Ehrlich carcinoma due to decreased T cell proliferation, IgG and IgM secretion by B-cells, NK and cytotoxic T cell activities suggesting significant depression of the immune system (Basu et al. 1995a, b) . The anti-tumoral action of DA has also been reported to be manifested by stimulation of peritoneal macrophages, NK cells and cytotoxic T cells (Basu et al. 1992a, b; Dasgupta and Lahiri 1987; Basu and Dasgupta 2000a, b; Sarkar et al. 2010) . Alternatively, DA can indirectly influence the growth of tumors by regulating the growth and release of prolactin (Ganong et al. 1985; BenJonathan 1985; Lissoni et al. 2004) as prolactin also regulates the functions of NK cells and lymphokine activated killer cells (Redelman et al. 2008; Souberbielle and Dalgleish 1994) . Recently in another interesting study it has been shown that CD4+CD25+ regulatory T lymphocytes (Tregs) which play a vital role in the control of immune homeostasis also contain substantial amounts of DA (Cosentino et al. 2007 ). DA on release acts via its D 1 receptors present in these cells to suppress IL-10 and TGF-β synthesis (Cosentino et al. 2007 ). The frequency and functions of Tregs in growing tumor are important because increase in the number of these cells may favor tumor development or growth, and therefore influence the course of the disease (Beyer and Schultze 2006) .
NE, E and tumor immunity
A growing number of studies have suggested that chronic stress has specific effects on the immune systems of cancer patients (Price et al. 2001; Reiche et al. 2004; Spiegel and Giese-Davis 2003) . Although stress cannot directly cause cancer, the increased secretion of NE and E, the two important sympathetic mediators (Herman et al. 1996; McEwen 2007) which usually act as immunosuppressors promote favorable environment for tumor cells to grow and metastasize (Inbar et al. 2011) . Signaling through β adrenergic receptors regulates tumor growth, progression and metastasis by influencing a number of cellular and molecular processes among which regulation of immune response is an important parameter (Antoni et al. 2006) . β adrenergic receptors are present in both helper and T suppressor lymphocytes, B lymphocytes, NK cells, monocyte/macrophage and dendritic cells (Nance and Sanders 2007) . Stimulation of β adrenergic receptors usually inhibits lymphocyte responses, NK cell cytotoxicity and dendritic cell functions (Marino and Cosentino 2011) . In ovarian cancer cells, NE and E by acting through β receptors increase the production and activities of the proinflammatory cytokines, IL6 and IL8 that in turn stimulate the growth of tumors (Nilsson et al. 2007; Shahzad et al. 2010 ). Animal studies have also shown that β-AR stimulation suppresses NK-cell activity and compromises resistance to tumor metastases (Shakhar and BenEliyahu 1998; Ben-Eliyahu et al. 2000) . There is also a report which suggests that endogenous E together with prostaglandins can suppress cytotoxic T-lymphocyte and NK cell responses and thereby promote leukemia progression in rats (Inbar et al. 2011) . Impaired β adrenergic receptor expression in the circulating cells of chronic lymphocytic leukemia (CLL) patients lead to the loss of adenylate cycle activity, which in turn is associated with disease progression (Kamp et al. 1997 ). In addition it has also been reported that long acting β 2 adrenergic receptor agonists such as salmeterol and formoterol can promote apoptosis in leukemic cells independent of β 2 adrenergic activation (Mamani-Matsuda et al. 2004) . It has been shown that stress-induced neuroendocrine activation leading to NE secretion could increase the metastasis of breast cancer cells to distant sites including the lymph nodes and lung without effecting the growth of primary tumors by increased recruitment of CD11b+F4/80 + macrophages into primary tumors and induced prometastatic gene expression with M2 macrophage differentiation (Sloan et al. 2010) . Modulation of adrenergic receptors may also be important for cancer vaccine strategies. Botta and Maestroni (2008) evaluated the role of β 2 adrenergic receptors in the outcome of a dendritic cell (DC) based cancer vaccination in murine E.G7-ovalbumin (OVA) model and have reported that the adrenergic modulation by blocking β 2 adrenergic receptors together with the activation of toll-like receptor 2 at the site of dendritic cell inoculation could either have enhanced antitumor effects or be tolerogenic depending on the maturation state of the transferred DCs.
Conclusion
In a growing tumor, the switch to the 'angiogenic phase' as a result of loss of equilibrium between the positive and negative endogenous angiogenic regulators is considered as the key step that ultimately decides the fate of the tumor in terms of its ability to grow further and metastasize (Hanahan and Folkman 1996 ; Bergers and Benjamin 2003) . Also, only when a growing tumor acquires the ability to evade the host immune surveillance it can thrive in the host body (Schreiber et al. 2011) . Therefore the regulators of both these two processes are deemed important for the development of new therapies for the treatment of cancer. The studies outlined in our review highlight the important distinct roles of CA neurotransmitters (Fig. 1) ; DA inhibits tumor angiogenesis and stimulates tumor immunity whereas NE and E stimulate angiogenesis and inhibit immune functions in cancer.
It will be also important to mention here that several epidemiological studies have demonstrated increased incidence of melanoma, breast and thyroid cancers in Parkinson's syndrome, a hypodopaminergic disease (Rubí and Maechler 2010) . In contrast, schizophrenic patients with probable hyperactive dopaminergic system do not suffer from higher cancer rates in spite of being exposed to cancer causing risk factors (Seeman and Kapur 2000; Bushe and Hodgson 2010) . These reports thus suggest that DA may have a protective role in cancer, which is further strengthened by another report where the investigators observed increased numbers of breast cancer in patients treated with DA D 2 receptor antagonists (Wang et al. 2002) . Similarly other clinical reports have indicated reduced progression and mortality in melanoma and breast cancer patients treated with β 2 adrenergic antagonists (Barron et al. 2011; MelhemBertrandt et al. 2011) . However, there is also a report, which suggests no effects of β 2 adrenergic antagonists on cancer progression and mortality (Shah et al. 2011) .
Finally, since cancer is a multifactorial disease (Lyman 1992; Zabaleta 2012 ) drugs which can control more than one factor regulating its growth and progression and metastasis may be critical for the successful treatment of this disease (Hopkins 2008) . These studies suggest that the CAs and/or their agonists/ antagonists hold considerable promise as new drugs in cancer therapy. The β blockers and DA D 2 receptor agonists are in clinical use at present for the treatment of other diseases (Alvarez et al. 2007; Perron et al. 2004 ). These inexpensive drugs already approved for clinical uses, safe and effective with manageable side effects can be considered for future clinical trials for the treatment of cancer.
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